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decline	 in	 small	mammal	 populations	 in	 southern	 Florida	 following	 escapes	 or	 re-
leases	 from	the	commercial	pet	 trade.	To	better	understand	the	 invasion	pathway	
and	genetic	composition	of	the	population,	two	mitochondrial	(mtDNA)	loci	across	
1,398	 base	 pairs	were	 sequenced	 on	 426	 snakes	 and	 22	microsatellites	were	 as-




from	both	P. bivittatus	 and	Python molurus	 and	were	highly	divergent	 (genetic	dis-
tances	of	5.4%	and	4.3%,	respectively).	The	average	number	of	microsatellite	alleles	
and	 expected	 heterozygosity	were	NA	=	5.50	 and	HE	=	0.60,	 respectively.	Nuclear	
Bayesian	assignment	tests	supported	two	genetically	distinct	groups	and	an	admixed	
group,	not	geographically	differentiated.	The	effective	population	size	 (NE	=	315.1)	
was	 lower	than	expected	for	a	population	this	 large,	but	reflected	the	 low	genetic	
diversity	overall.	The	patterns	of	genetic	diversity	between	mtDNA	and	microsatel-
lites	were	 disparate,	 indicating	 nuclear	 introgression	 of	 separate	mtDNA	 lineages	
corresponding	to	cytonuclear	discordance.	The	introgression	likely	occurred	prior	to	
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1  | INTRODUC TION
Understanding	 the	 processes	 driving	 invasion	 dynamics	 of	 non- 
native	species	represents	an	important	challenge	for	biologists	and	
resource	managers.	Advancements	in	molecular	tools	and	techniques	
have	 allowed	 for	 the	 delimitation	 of	 taxonomic	 units	 and	 genetic	
diversity,	and	 identification	of	nonnative	animals	and	plants	 in	 the	






control	 and	 eradication	 efforts.	 Collectively,	 genetic	 characteriza-
tion	can	 inform	management	decisions	and	help	 to	guide	 targeted	
removal	efforts	(Collins,	Vazquez,	&	Sanders,	2002;	Ficetola,	Miaud,	
Pompanon,	&	Taberlet,	2008;	Kolbe	et	al.,	2007;	McPhee	&	Turner,	






and	 climatic	 suitability	 (Chown	 et	al.,	 2015;	 Gotelli	 &	 Stanton-	
Geddes,	 2015;	 Pfeiffer,	 Johnson,	 Randklev,	 Howells,	 &	 Williams,	
2016;	Rissler	&	Apodaca,	2007).	Population	expansion	capabilities	
or	 limitations	 can	 be	 assessed	 through	 knowledge	 of	 the	 species	
life	history,	population	growth	rates,	and	susceptibility	to	diseases.	















In	 this	 study,	 we	 investigated	 putative	 origins,	 potential	 for	
hybridization	 with	 congeners,	 and	 population	 structure	 within	
the	invasive	Burmese	python	(Python bivittatus)	population	in	the	
Greater	 Everglades	 Ecosystem	 (GEE)	 in	 Florida,	 USA.	 This	 giant	
constrictor	snake	has	been	reproducing	in	southern	Florida	since	





Keys	 (Dove,	 Snow,	 Rochford,	 &	 Mazzotti,	 2011;	 Pittman	 et	al.,	
2014;	Snow,	Brien,	Cherkiss,	Wilkins,	&	Mazzotti,	2007).	Pythons	
are	 impacting	 the	ecosystem	through	heavy	predation	on	meso-
mammals,	 including	 imperiled	 species,	 resulting	 in	 extensive	 de-
clines	of	formerly	common	species	(Dorcas	et	al.,	2012;	McCleery	
et	al.,	 2015;	 Reichert	 et	al.,	 2017;	 Sovie,	 McCleery,	 Fletcher,	 &	
Hart,	2016).
Python bivittatus	 taxonomy	 and	 nomenclature	 have	 been	 un-
certain	 in	part	due	 to	 the	sympatric	distribution	with	P. molurus	 in	
the	native	range	and	 lack	of	a	designated	neotype	 (Jacobs,	Auliya,	
&	Böhme,	2009;	Schleip	&	O’Shea,	2010).	The	species	was	first	rec-
ognized	by	Kuhl	 (1820),	but	was	 then	 reclassified	as	a	 subspecies,	
P. molurus bivittatus,	100	years	later.	Python molurus molurus	was	dif-
ferentiated	as	the	other	subspecies	in	the	complex	using	subocular	
scales	(McDiarmid,	Campbell,	&	Touré,	1999).	Most	recently,	P. bivit-
tatus	 was	 again	 recognized	 as	 a	 distinct	 species	 with	 populations	
of	 P. molurus	 identified	 sympatrically	 (shared	 range)	 and	 possibly	




microhabitat	 usage	 (O’Shea,	 2007).	 Viable	 crosses,	 however,	 have	

















for	P. bivittatus	were	 subsequently	 isolated	 (N	=	18)	 and	 combined	
with	 six	 cross-	species	 markers	 to	 identify	 61%	 average	 expected	




Our	 goal	was	 to	more	 thoroughly	 characterize	 the	P. bivittatus 
populations	 in	Florida	 to	 inform	research	and	management	strate-
gies.	We	 compared	 two	 mitochondrial	 DNA	 (mtDNA)	 genes	 with	
population-	specific	 nuclear	 microsatellite	 markers	 to	 investigate	
diversity,	 relatedness,	 effective	 population	 size,	 population	 struc-
ture,	and	 introduction	dynamics	of	P. bivittatus	 captured	 in	Florida	
(Hunter	&	Hart,	2013).	We	further	assessed	phylogeographic	struc-
ture	and	haplotype	relationships	and	compared	them	with	published	




2.1 | Sample collection and DNA extraction
















developed	 through	 next-	generation	 sequencing	 and	 incorporated	
with	six	cross-	species	loci	(Jordan	et	al.,	2002)	into	eight	multiplexes	
to	reduce	 laboratory	effort	 (Hunter	&	Hart,	2013).	Of	these	mark-

















servative	 statistic	 for	 calculating	P(ID)	 among	 siblings	 (Evett	&	Weir,	
1998).	The	program	additionally	searched	for	duplicate	genotypes.
The	program	Structure	 2.3.4	 (Pritchard,	 Stephens,	&	Donnelly,	
2000)	was	used	to	identify	the	genetic	relationships	and	population	










ulations;	 therefore,	 20	 parallel	 chains	were	 analyzed	 for	K = 1–11,	
with	a	run	length	of	200,000	Markov	chain	Monte	Carlo	repetitions,	
following	a	burn-	in	period	of	50,000	iterations.	The	most	probable	
number	 of	 groups,	K,	 was	 assessed	 using	 the	mean	 log	 likelihood	
















as	 a	whole	 and	 to	 assess	 the	 accuracy	 of	 the	Structure-	identified	
groups.	The	genetic	diversity	was	estimated	by	the	HE	and	observed	











To	 assess	 genetic	 differentiation	 of	 the	 clusters	 identified	 by	
Structure,	Genalex	6.501	was	used	to	calculate	FST	and	RST	via	anal-
ysis	of	molecular	variance	(AMOVA)	within	and	among	clusters	and	
individuals	 with	 9,999	 permutations.	 The	 statistical	 significance	 of	




genetic	 groupings	were	 assessed	by	 the	 LDne	 software	 (Waples	&	
Do,	2008)	to	estimate	effective	population	sizes	(NE)	using	the	linkage	
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disequilibrium	(LD)	method	at	the	three	lowest	allele	frequency	levels	




We	 used	 Bottleneck	 1.2.02	 to	 evaluate	 heterozygote	 excess	
of	 populations	 under	 the	 sign	 test,	 one-	tailed	Wilcoxon’s	 signed-	








no	reduction	of	effective	population	size	is	indicated at M > 0.80.
FIGURE 1 Map	indicating	python	sample	locations	in	southern	Florida,	USA.	The	nuclear	Bayesian	clustering	assignments	are	shown	in	color.	
The	samples	yielding	only	mitochondrial	DNA	(mtDNA)	sequences	are	in	gray.	Overlapping	sample	points	have	been	offset	to	increase	resolution
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Genalex	6.501	was	used	to	calculate	FIS,	which	is	close	to	zero	when	
the	 population	 is	 undergoing	 random	 mating.	 Mean	 relatedness	






pacity	 to	 increase	genetic	diversity	 in	 the	population,	 relatedness	
was	also	estimated	specifically	for	eight	collected	hatchlings	from	a	






































Locus N NA EA I HO HE PA
Cluster	1 263.59 3.18 2.53 0.96 0.58 0.59 1
Cluster	2 36.91 4.95 3.05 1.24 0.68 0.66 19
Admixed 49.23 4.55 2.63 1.06 0.58 0.61 10
Overall 349.73 5.50 2.63 1.05 0.59 0.60 20





G- W modified 
index NeSign test Wilcoxon’s test Sign test Wilcoxon’s test
Cluster1 0.00002 0.00000 0.00021 0.00000 Shifted	mode 0.568 236.1
Cluster2 0.24128 0.14511 0.41772 0.48731 L-	shaped 0.766 44.3
Admixed 0.05562 0.01506 0.41838 0.23139 L-	shaped 0.834 32.4
Total 0.16001 0.62488 0.03070 0.97692 L-	shaped 0.723 315.1
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single	nest	(P0003,	P0006,	P0008,	P0009,	P0016,	P0020,	P0021,	























v5.0	 (Table	3,	 Supporting	 Information	Tables	 S2	 and	S3;	 Librado	&	
Rozas,	 2009).	 To	 assess	 the	 mtDNA	 and	 nuclear	 data	 collectively,	
the	individuals	containing	both	concatenated	mtDNA	sequences	and	
microsatellite	 genotypes	 were	 assessed	 together	 (N	=	293),	 while	
the	 concatenated	 mtDNA	 matrix	 only	 included	 those	 individuals	






Invasive	 samples	were	 compared	 to	GenBank	 and	BOLD	pub-
lished	 sequences	 with	 similar	 length	 and	 quality	 (see	 Table	5	 for	


















































































































































































































































































































































































































































































































































tween	 the	 invasive	 population	 samples	 and	 P. molurus	 sequences	
published	 in	 GenBank	 and	 the	 Barcode	 of	 Life	 Data	 (BOLD)	 sys-
tem	(www.barcodinglife.org;	Ratnasingham	&	Hebert,	2007;	Tajima	
&	 Nei,	 1984)	 using	 MEGA7	 (Kumar,	 Stecher,	 &	 Tamura,	 2016;	
Supporting	 Information	 Tables	 S4	 and	 S5).	 Polymorphic	 sites	 and	
the	 corresponding	 diagnostic	 sites	were	 determined	 by	 the	 align-










We	 created	 haplotype	 networks	 using	 PopART	 (Leigh	 &	 Bryant,	
2015)	to	assess	the	geographic	distribution	of	mtDNA	diversity	and	
compare	 relationships	 between	 our	 samples	 and	 those	 previously	








sity	 in	 the	 invasive	python	 samples	 corresponding	 to	both	P. bivit-
tatus	and	P. molurus.	Nuclear	microsatellite	markers	detected	lower	
diversity	and	NE	as	compared	to	native	range	samples,	likely	related	





Only	the	MS13	 locus	 in	cluster	1	 indicated	the	evidence	of	null	al-
leles	due	to	homozygote	excess	(>0.05),	but	there	was	no	evidence	
of	 stuttering,	 large	 allele	 dropout,	 or	 linkage	 disequilibrium.	 The	
loci	 produced	 an	 unbiased	 P(ID)	 estimate	 of	 5.63	 E−15	 and	 a	 P(ID)
sib	 estimate	of	2.99	E-	07,	 indicating	 that	unique	 individuals	 can	be	
confidently	identified	across	the	region.	The	Bayesian	Structure	Ln	
P(D)	 estimates	 indicated	 similar	 values	 and	 generally	 plateaued	 at	




Cluster 1 Cluster 2 Admixed
Cluster	1 — 0.000* 0.054
Cluster	2 0.514* — 0.002*
Admixed 0.074* 0.115* —
Note.	An	asterisk	(*)	denotes	significance	at	p < 0.05.
Name Acc No/Seq ID Reference Direct submission Country
Pb-	Ctb-	A KF010492 Liu	et	al.	(2013) Yes China
Pb-	Ctb-	B KF293729 Liu	et	al.	(2013) Yes China
Pm-	Ctb-	A AY099983 Slowinski	and	Lawson	
(2002)
Pm-	Ctb-	B GQ225654 Dubey	et	al.	(2009) Yes India
Pb-	CO1-	A KF010492 Liu	et	al.	(2013) Yes China
Pb-	CO1-	B KF293729 Liu	et	al.	(2013) Yes China




Pm-	CO1-	A ISDB081-	13 www.boldsystems.org Yes India
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Evanno	 et	al.	 (2005)	 strongly	 supported	 K = 2	 clusters	 (Figure	2).	
The K = 4	and	next	highest	∆K	(K = 6)	were	also	investigated;	how-










adjustments,	 linkage	disequilibrium	was	 found	 for	39	of	231	 (16.9%)	














tified	moderate	 variation	 both	 among	 the	 three	 Structure clusters 
and	within	individuals	(19.12%	and	1.49%,	respectively).	In	cluster	2,	
19	private	alleles	were	found	in	33	samples,	while	the	admixed	group	


















Assessing	 the	 389	 samples	 together,	 the	 stepwise	 mutational	
model	 (SMM)	 of	 the	 sign	 test	was	 significant	 (p = 0.03).	However,	
a	normal	“L”-	shaped	allele	distribution	curve	was	obtained,	indicat-
ing	a	larger	proportion	of	alleles	in	the	low-	frequency	allele	classes	
(Table	2).	 All	Bottleneck	 tests	 for	 cluster	 1	were	 significant,	 and	 a	












Across the Structure	 cluster	 and	 all	 estimators,	 cluster	 1	 had	 the	
highest	level	of	relatedness,	cluster	2	had	moderate	levels,	and	ad-
mixed	had	the	lowest	level.	Simulations	using	population	allele	fre-
quencies	estimated	 that	20%	of	 the	population	was	 related,	while	





















haplotype	was	 found	 in	11	samples	associated	with	 the	P. molurus 
mitotype.	No	phylogeographic	pattern	was	found	in	accordance	with	
collection	sites	in	southern	Florida	(Figure	1).




a	mixture	 of	 haplotypes	 (Table	3).	 The	majority	 of	 the	 haplotypes	
were	 each	 assigned	 to	 a	 single	 cluster	 (Table	3).	 Interestingly,	 al-
though	not	selected	as	the	correct	grouping,	many	of	the	samples	
with P. molurus	haplotypes	were	assigned	to	a	single	cluster	 in	the	
K = 4	 plot	 (green;	 Supporting	 Information	 Figure	 S1).	 Diagnostic	
sites	differentiating	the	two	Python	species	were	identified	for	the	





















the	 published	 sequences	 and	 associated	 species	 labels,	which	may	
relate	to	the	lack	of	consensus	in	the	nomenclature.
4  | DISCUSSION
The	 invasive	Burmese	python	population	 in	 Florida	 appears	 to	 be	
derived	 from	multiple	 genetic	 sources	with	 strongly	divergent	mi-
totypes	 corresponding	 to	 species-	level	 differentiation.	 The	 Cyt	 b 
genetic	 distance	 (4.3%)	was	 larger	 than	 the	 distance	 found	 in	 the	
most	 recent	 taxonomic	 assessment	 that	 separated	 P. bivittatus 
and	P. molurus	 into	 species	 (2.9%;	Reynolds	et	al.,	 2014).	The	CO1	
genetic	 distance	 (5.4%)	 was	 also	 greater	 than	 the	 distances	 for	
the	 two	 species	 published	 in	 BOLD	 (4.1%).	 In	 the	 literature,	 CO1	
nucleotide	 diversity	 values	 lower	 than	 4.1%	 have	 been	 used	 as	 a	
minimum	 threshold	 to	 distinguish	 intraspecific	 variation	 from	 in-
terspecific	divergence	(Gomes,	Pessali,	Sales,	Pompeu,	&	Carvalho,	
2015;	 Ratnasingham	 &	 Hebert,	 2013).	 In	 contrast	 to	 the	 strong	
10  |     HUNTER ET al.










































anism	 responsible	 for	 the	 cytonuclear	 discordance.	 Introgression	
of	the	diverse	lineages	could	occur	through	interbreeding	(a)	in	the	
native	 range	 through	 sympatric	 associations	or	 secondary	 contact	
















Field	 observations	 in	 the	 native	 range	 indicate	 that	 the	 two	
species	 utilize	 distinct	 habitats	 with	 some	 overlapping	 ranges.	 
Python bivittatus	 prefers	 riverine	 forests	 and	 flooded	 grasslands,	









graphic	 pattern	 across	 the	 sampled	 range.	 This	 is	 not	 surprising,	
given	 that	 invasive	 pythons	 are	 known	 to	 disperse	 long	 distances	
(Hart	et	al.,	2015).
A	bottleneck	and/or	founding	event	was	indicated	0.2–4	NE	gen-













remained	 low	 until	 recently	 (Hunter	 et	al.,	 2015;	 Reed	 et	al.,	 2011).	
Parthenogenesis	has	also	been	 identified	 in	 the	 species,	which	may	
allow	for	population	expansion	even	at	low	densities	and	would	con-
tribute	to	reduced	genetic	diversity	(Groot,	Bruins,	&	Breeuwer,	2003).









accumulate,	 especially	 in	 order	 to	 assess	 effective	 control	 efforts	
(Hauser,	Adcock,	Smith,	Bernal	Ramãrez,	&	Carvalho,	2002;	Hui	&	
Burt,	2015).	More	accurate	effective	population	size	estimates	with	
     |  11HUNTER ET al.
lower	 variance	 can	be	 calculated	with	 genetic	 data	 collected	over	
multiple	generations	(Hui	&	Burt,	2015).
While	the	genetic	diversity	in	the	invasive	Burmese	python	pop-
ulation	is	 lower	than	that	found	in	the	native	range,	 it	 is	 likely	to	in-
crease	 in	the	 large,	rapidly	growing	 invasive	population,	especially	 if	
additional	 animals	 are	 released.	Multiple	 paternity	was	 identified	 in	
the	 invasive	population	which	 	 could	 also	 contribute	 to	 accelerated	










ing	of	 eDNA	primers	or	probes,	 resulting	 in	 false	negatives,	 along	
with	potentially	lower	detection	and	occurrence	estimates	(Wilcox,	
Carim,	 McKelvey,	 Young,	 &	 Schwartz,	 2015;	 Wilcox	 et	al.,	 2013).	
Deep	sampling	is	necessary	to	detect	intraspecific	variation	found	at	
low	frequencies	in	the	population.
The	 limited	 number	 of	 well-	documented,	 high-	quality	 published	
sequences	hinders	our	ability	to	investigate	P. bivittatus	and	P. molurus 
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